Abstract-Most millimeter wave (mmWave) channel measurements are conducted with different configurations, which may have large impacts on propagation channel characteristics. In addition, the comparison of different mmWave bands is scarce. Moreover, mmWave massive multiple-input multipleoutput (MIMO) channel measurements are absent, and new propagation properties caused by large antenna arrays have rarely been studied yet. In this paper, we carry out mmWave massive MIMO channel measurements at 11-, 16-, 28-, and 38-GHz bands in indoor environments. The space-alternating generalized expectation-maximization algorithm is applied to process the measurement data. Important statistical properties, such as average power delay profile, power azimuth profile, power elevation profile, root mean square delay spread, azimuth angular spread, elevation angular spread, and their cumulative distribution functions and correlation properties, are obtained and compared for different bands. New massive MIMO propagation properties, such as spherical wavefront, cluster birth-death, and non-stationarity over the antenna array, are validated for the four mmWave bands by investigating the variations of channel parameters. Two channel models are used to verify the measurements. The results indicate that massive MIMO effects should be fully characterized for mmWave massive MIMO systems.
I. INTRODUCTION

M
ILLIMETER wave (mmWave) communication has been considered as a key technology for the fifth generation (5G) wireless communications, e.g., for wideband cellular communication (hotspot and small cell), wireless backhaul, indoor, and device-to-device (D2D) communications [1] , [2] . MmWave generally corresponds to 30-300 GHz frequency bands, but sometimes 10-30 GHz bands are also included as they share some similar propagation characteristics. Compared with sub-6 GHz frequency bands, mmWave bands have large available bandwidths but suffer from additional high path loss. Recently, many groups and standardization organizations including METIS [3] , MiWEBA [4] , mmMAGIC [5] , 5GCM [6] , 3GPP 38.900 [7] , IEEE 802.11 NG60 [8] , and NYU Wireless [9] have tried to develop mmWave channel models for the frequency range of 6-100 GHz.
Various channel measurements have been conducted at some popular mmWave bands, such as 11, 15, 28, 38, 45, 60 , and 73 GHz bands. In [10] , 11 GHz outdoor urban cellular channel measurements were conducted by using a 24×24 multipleinput multiple-output (MIMO) channel sounder with 400 MHz bandwidth and dual-polarized 12-element uniform circular arrays. Path loss, shadowing, cell coverage, polarization properties, and root mean square (RMS) delay spread (DS) were obtained. In [11] , 15 GHz channel measurements were conducted in two indoor corridor environments by using a vector network analyzer (VNA) and a spectrum analyzer with 1 GHz bandwidth. The large-scale fading, K-factor, and RMS DS were obtained. In [12] , a VNA and two high gain horn antennas were used to measure the 28 GHz indoor environments with 1 GHz bandwidth. Power delay profile (PDP), path loss, RMS DS, and power angular profile were obtained. In [13] , a sliding correlator based directionscan-sounding method was used to measure 28 GHz indoor office environments with 500 MHz bandwidth. Both lineof-sight (LOS) and non-line-of-sight (NLOS) scenarios were considered, and the space-alternating generalized expectationmaximization (SAGE) algorithm was applied to estimate delay and angular parameters of multipath components (MPCs). Hur et al. [14] conducted 28 GHz measurements in an 0733-8716 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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urban environment with 250 MHz bandwidth. The transmitter (Tx) antenna was scanned in both azimuth and elevation angle domains. The omni-directional PDPs were synthesized. In [15] , a commercial backhaul equipment was used to conduct 38 GHz measurements in urban outdoor and outdoor-to-indoor environments. The LOS propagation, reflection, scattering, diffraction, transmission, as well as polarization effects were studied. Zhu et al. [16] measured the indoor conference room, cubicle office, and living room at 45 GHz by using a VNA and a signal generator. Path loss exponent, shadowing fading deviation, and cross polarization discrimination ratio were obtained and compared in different scenario setups. Wyne et al. [17] measured the 60 GHz channel with 4 GHz bandwidth in indoor conference room and office environments. At both sides of Tx and receiver (Rx), virtual planar array was utilized to investigate the influence of array size on beamforming performance. Haneda [18] conducted 60 and 70 GHz measurements by using a VNA and a signal generator in large office rooms, shopping mall, and station scenarios. Prof. T. S. Rappaport et al. from New York University had also conducted various channel measurements at 28, 38, 60, and 73 GHz in campus, base station-mobile access, peer-topeer, and vehicular scenarios [19] - [21] . However, most of the channel measurements were conducted with different configurations, including measurement environments, channel sounders, antennas, and even postprocessing methods, which may have large impacts on propagation channel characteristics. It is hard to have a fair evaluation of different measurement results, though it is very important for the development of a unified channel model framework for large mmWave bands. The comparison of channel propagation characteristics at different mmWave bands is also scarce. Moreover, mmWave massive MIMO channel measurements are scarce in the literature.
Massive MIMO or large antenna array system has the capability of greatly improving spectral efficiency, energy efficiency, and system robustness [22] , [23] . In a typical massive MIMO system, single-antenna mobile stations (MSs) communicate with a base station (BS) equipped with a large number of antennas [24] . Due to the increasing number of antennas, the propagation channel characteristics have some new properties and should be measured [25] . In [26] , 2.6 GHz outdoor channel measurements were conducted by using a VNA and a 128-element virtual uniform linear array (ULA). It showed that the received power varied over the array significantly, and near field effects and non-stationarity over the array helped to decorrelate the channels for different users. In [27] , 2.6 GHz outdoor channel measurements were conducted for a 128-element real cylindrical patch antenna array with a RUSK channel sounder, and for a 128-element virtual ULA with a VNA. In [28] , 3.33 GHz outdoor channel measurements were conducted by using a signal generator, a spectrum analyzer, and a 64-element virtual ULA. The nonstationarity of the channel over the array was identified in both delay and spatial domains.
The combination of mmWave and massive MIMO has the potential to dramatically improve wireless access and throughput performance. Such systems benefit from large available signal bandwidth and small antenna form factor. The systems also have advantages in terms of compact dimensions, energy efficiency, flexibility, and adaptivity that would make them ideally suited for 5G communication systems [29] - [32] including high-speed railway systems [33] , [34] . As shown in [32] , large antenna arrays can be used in mmWave systems to keep the antenna aperture constant, eliminate the frequency dependence of path loss relative to omnidirectional antennas, and provide array gains to counter the larger thermal noise bandwidth. The combination also brings new challenges to channel modeling. Table I shows the main different properties between mmWave massive MIMO channels and conventional wireless channels. Recently, a 48-element active phased array antenna was used to measure massive MIMO channels at 44 GHz [35] . The MPC channel parameters and transmit performance results using a cluster model were derived and analyzed. In [36] , indoor channel measurements were conducted at 13-17 GHz bands by using a VNA and a 20×20-element virtual uniform rectangular array (URA). The variations of channel parameters such as narrowband channel gain, K-factor, and RMS DS over the array were investigated. These measurements and analysis are relatively few and not sufficient to fully characterize the mmWave massive MIMO channels, and more comprehensive massive MIMO channel measurements should be conducted at mmWave bands.
To fill the aforementioned gaps, we carry out massive MIMO channel measurements at 11, 16, 28, and 38 GHz bands in indoor office environments by using a VNA and large virtual URAs. The main contributions and novelties of this paper are summarized as follows:
1) This paper compares the propagation characteristics of different mmWave frequency bands. including PDP, PAP, PEP, RMS DS, AAS, and EAS. 3) Wideband channel capacities are evaluated for mmWave massive MIMO channels at different frequency bands. 4) The propagation graph (PG) model and geometry based stochastic model (GBSM) are applied to verify the measurements. The remainder of this paper is organized as follows. Section II describes the measurement environment, measurement system setup, and channel measurements. In Section III, the SAGE algorithm and post-processing methods are presented. The comparison of channel characteristics at different mmWave bands, validation of new massive MIMO properties, channel capacities, and channel models are described and analyzed in Section IV. Finally, conclusions are drawn in Section V.
II. mmWAVE MASSIVE MIMO CHANNEL MEASUREMENTS
A. Measurement Environment
The channel measurements are conducted in an indoor office environment with room size of 7.2×7.2×3 m 3 , as shown in Fig. 1(a) [37] . The office is furnished with multiple chairs, desks, and a table. The desks are about 0.75 m high at desktop level but with an additional vertical clapboard having about 0.45 m height. Thus, the total height is about 1.2 m. In addition, the desks and table are equipped with several computers and electronic devices. Other large objects include a closet, an air conditioner, a water machine, and a whiteboard. The layout and sizes of main objects in the office are shown in Fig. 1(b) . The height of the closet is about 2.4 m.
The walls, floor and ceiling are made of concrete. Parts of the floor and ceiling are made of anti-static-electricity board. There are several windows on both sides of the wall.
B. Measurement System Setup
The channel sounder consists of a Keysight N5227A VNA, a series of standard gain horn antennas, a biconical antenna, an antenna positioner, cables, connectors, a tripod, and a laptop. The measurement system is auto-controlled by the laptop with programs. The laptop controls not only the VNA with standard commands for programmable instruments (SCPI) but also the antenna positioner with C# language. The programs are then integrated into MATLAB. The customized high accuracy and high speed antenna positioner can scan in X and Y axes in the area of 60×60 cm 2 . The VNA can sweep over large self-defined frequency bandwidths within a short time. The intermediate frequency (IF) filter bandwidth is set to 500 Hz to reduce the power level of the noise floor. In channel measurements, the phase-stable low loss cables were used to connect the Tx and Rx antennas to the VNA. Port 1 of the VNA sends the transmitted frequency sweeping signal and is connected to the Tx antenna, while Port 2 receives the fading signal and is connected to the Rx antenna. The VNA can measure and save the scattering parameters. The S 21 parameter is the channel transfer function (CTF) between Tx and Rx, and the channel impulse response (CIR) can be obtained by the inverse Fourier transform with a window function. The antenna locations are shown in Fig. 1(b) . The coordinate of the Rx antenna is (1, 3, 1.45), and the coordinates of Tx1-Tx4 are (4, 2.2, 2.6), (3.2, 2.4, 2.6), (3.6, 3, 2.6), and (2, 5.2, 2.6), respectively. The Tx and Rx were used to mimic the user equipment (UE) and access point (AP), respectively. The Rx antenna was placed at the open space of the room, while the four Tx antenna positions were chosen to keep the Tx-Rx distances in the order of 3 m for observing the near field effect in massive MIMO channel measurements. As a single horn antenna cannot cover the whole 10-40 GHz frequency bands, at the Tx side, four standard gain vertical polarized horn antennas working at 10-15, 15-22, 22-33, and 33-50 GHz bands are used to measure 11, 16, 28, and 38 GHz bands, respectively. Different types of connectors are used to connect antennas and cables. For each frequency band, the antenna gain is the same 10 dBi with a half power beamwidth (HPBW) of 55°to cover a large space. The Rx antenna is a vertical polarized biconical antenna working at 3-40 GHz bands with gain of 3 dBi. Its radiation pattern is omni-directional for the whole bands. During the measurement, the Tx antenna was aligned to the center of the Rx large antenna array and placed on a tripod at four locations, while the Rx antenna was placed on an antenna positioner to shift positions to form a large virtual URA. The measurements are conducted automatically with the environment being kept quasi-static. At first, Port 1 of the VNA is triggered and swept in the defined frequency bands, and the fading signal in the environment is received by Port 2. After the CTF is obtained and saved, the Rx antenna moves to the next defined position, and the VNA begins to measure the channel again. To scan in the large URA efficiently, the Rx antenna moves in the TABLE II   MEASUREMENT SYSTEM SETUP   TABLE III ANTENNA ARRAY CONFIGURATION X-Y plane with an S-shape. Due to the large number of antenna positions, the whole measurement time for one frequency band can be several hours. Before the measurement at each Tx antenna location, a back-to-back calibration is conducted by connecting the cables directly to remove the responses of the measurement system and cables for each frequency band.
The measurement system setup for the four bands is shown in Table II , while the antenna array configuration is shown in Table III . For 11 and 16 GHz lower bands, the signal bandwidth is 2 GHz, the delay resolution is 0.5 ns, and the array size is 60×60 cm 2 . For 28 and 38 GHz higher bands, the signal bandwidth is 4 GHz, the delay resolution is 0.25 ns, and the array size is 36×36 cm 2 . The frequency resolution for the four bands is 5 MHz. The spacing steps for the four bands are 12, 8, 4, and 3 mm, which are within half-wavelength and about 0.44, 0.43, 0.37, and 0.38, respectively, when normalized to the corresponding wavelengths. Thus, the array elements for the four bands are 51×51, 76×76, 91×91, and 121×121, respectively.
The radiation field of antennas is usually divided into the near field region (Fresnel zone) and far field region (Fraunhofer zone), which are defined by the Rayleigh distance R = 2D 2 λ . Here, λ is the wavelength and D in general can be taken as the maximum dimension of the antenna. For N × N-element URA with a spacing step d, D is taken as √ 2(N − 1)d. Then, the Rayleigh distance R is given as 4d 2 (N − 1) 2 /λ. For large antenna arrays, the Rayleigh distance can be very large and the far field assumption can easily be violated. To apply the SAGE algorithm, the large antenna array is divided into several subarrays and a sliding window is used over the array on Y axis. The sub-array antenna elements for the four bands are 10×10, 15×15, 15×15, and 20×20, respectively, and the calculated sub-array Rayleigh distances are within the Tx-Rx distances, which can fulfill the far field and plane wavefront assumptions.
III. MEASUREMENT DATA PROCESSING METHODS
For VNA-based channel measurements, due to the quasi-static nature of the environment and relatively long measurement time, a large number of snapshots are not available. In reality, there is only a single snapshot. Thus, conventional subspace based high resolution algorithms like multiple signal classification (MUSIC) and estimation of signal parameters via rotational invariance technique (ESPRIT) cannot be used because they rely on an estimation of the noise covariance matrix which is rank deficient in the single-snapshot scenario. The maximum likelihood (ML) based SAGE algorithm [38] , [39] is applied to the data post-processing instead.
The high-resolution SAGE algorithm is widely used for wireless channel parameter estimations. The algorithm can jointly estimate the complex amplitude, delay, azimuth angle, and elevation angle of the MPCs. The received signal y(t) is assumed to consist of a finite number L of specular plane waves, i.e.,
T (5) where u(t) is the transmitted signal, s(t; l ) is the lth MPC, N(t) is the standard N 2 × 1-dimensional complex white Gaussian noise with spectral height of N 0 , c( l ) is the steering vector of the Rx array, c n ( l ) is the steering vector of the nth antenna array, and r n denotes the nth antenna array element with coordinates of x n , y n , and z n . The parameter sets to be estimated
.., L, where α l , τ l , φ l , and θ l denote the complex amplitude, delay, azimuth angle, and elevation angle for the lth MPC, respectively. The coordinate-wise iteration to obtain the estimate l given the previous estimate l , is given as
The cost function reads as
where () H is the conjugate transpose operator. After some iterations, the estimated parameters will converge to stable values.
In the SAGE algorithm, the number of MPCs L is usually predefined large enough to capture all significant paths. Some values for the numbers of MPCs have been investigated. We found that when the number of MPCs equals 100, a good trade-off between accuracy and computational complexity can be achieved. This number was also used in [13] for LOS propagation scenarios. The delay resolution is the same with the measurement data, while the angle resolution is 1 • . The estimated spatial-temporal MPC parameters are used to obtain some important propagation channel characteristics.
The CTF matrix H(n, k) ∈ C N 2 ×K can be obtained by synthesizing the estimated MPCs, i.e.,
where f k is the kth frequency point and K is the number of sweeping points. The CIR can be obtained by the inverse Fourier transform of H(n, k), i.e.,
The PDP is the square of the amplitude of the CIR, i.e.,
For the measurement and estimated data, the APDP is obtained by averaging PDPs over the array,
The PAP and PEP can be obtained as
where δ() is the Dirac delta function. Note that the power of estimated MPCs with the same azimuth or elevation angles are summed up to get a unique power value. The RMS DS is an important second-order statistic to describe the dispersion of the PDP and can be calculated as
Similarly, the RMS angle spread (AS) is an important second-order statistic to describe the dispersion of the power angular profile and can be calculated as
where ψ l denotes the azimuth angle φ l or elevation angle θ l , and ψ rms denotes RMS AAS φ rms or RMS EAS θ rms .
The correlation coefficient between the mth CIR h m and nth CIR h n is defined as
whereh m andh n are the mean values of CIRs, and E {} is the expectation operation. As the distance between the mth and nth antenna element increases, the correlation coefficient will decrease. 
A. Comparison of Different mmWave Bands 1) APDP Results:
For each frequency band and each Tx location, the sub-array measurement data are processed with the SAGE algorithm. As an example, the measured and estimated APDPs for the four bands at Tx2 location are shown in Fig. 2 . The APDPs are obtained for the center sub-array of the large URA. For each frequency band, the estimated results match well with the measured data. Most of the MPCs are extracted accurately, except that some weak paths with large delays are not extracted. A strong LOS path is observed with the same delay but different power gains. The relative received power of the LOS path are −59.0, −62.8, −67.2, and −71.7 dB, respectively. The attenuation tends to be larger as the frequency increases. The reflected and scattered MPCs show similar delay distributions. But some differences are also observed. For example, a MPC with delay of 40 ns is only observed at 11 GHz, while two MPCs with delay of 33 ns and 50 ns are not observed at 11 GHz. The maximum excess delay for the four bands is within 70 ns. As the office is small, a delay of 60 ns which is equal to 18 m distance may be caused by second-order reflection. Table IV shows the power decay rate for the four bands. In line with observations in [18] , the main differences between the four bands lie in power levels of MPCs and the power decay rate. By using the time cluster algorithm in [41] with recommended minimum inter-cluster void interval of 5 ns for indoor scenarios, an average of seven time clusters of MPCs are obtained for the four bands.
2) PAP and PEP Results: The PAPs and PEPs are related with the measurement environments and antenna locations. Fig. 3 shows the PAPs at four Tx locations. The azimuth angles show similar properties for different frequency bands at the same Tx location. For each frequency band, the LOS path arrives with azimuth angle of −17 • , −16 • , 0°, and 70°at the four Tx locations, respectively. By using the spatial lobe algorithm in [41] with 30 dB power threshold with respect to the maximum peak power, an average of four spatial lobes of MPCs are obtained for the four bands. Because height differences between Tx and Rx antennas are the same for the four Tx locations, and the Tx-Rx distances on horizontal plane are close, the elevation angles show almost the same properties for different Tx locations. As an example, PEPs at Tx1 location is shown in Fig. 4 . The elevation angles is in the range of 30°-150°. The LOS path arrives with angle about 70°, which is an approximate of arccos( For each Tx location, the LOS direction is pointed to the Rx antenna location, while other reflection MPCs can correspond with scatterers in the environment according to the delay and angle information of MPCs.
3) RMS DS and AS:
The RMS DS and AS are important second-order statistics to characterize the channel dispersion in delay and angular domains. The RMS DS is related with channel coherence bandwidth and inter-symbol interference, while the RMS AS is related to the directivity of MPCs. Fig. 6 shows cumulative distribution functions (CDFs) of RMS DS, AAS, and EAS for the four bands over the four Tx locations. The RMS DS, AAS, and EAS are in the range of 5-15 ns, 20°-100°, and 15°-35°, respectively. All the measured data are fitted by a Gaussian Normal distribution N(μ, σ 2 ) , where μ and σ are the mean value and standard deviation of random variables. The distribution parameters are shown in Table V . We can see that 38 GHz channel tends to have the smallest DS, AAS, and EAS. The DS at 28 GHz tends to be larger than other bands. For EAS, the 11 GHz band tends to be the largest one. The fitted mean values of DS and EAS are close for the four bands, while the 38 GHz bands shows the smallest mean value of AAS. Fig. 7 shows the CIR correlation coefficients between the first antenna position and the nth antenna over the array on Y axis. The correlation distance can be defined as the distance when the correlation coefficient is equal to 0.5. We can see that the correlation coefficients are mainly affected by the Tx antenna location. Tx4 has the largest correlation coefficients. Tx2 and Tx3 show similar correlation coefficients. Compared with 28 and 38 GHz higher bands, in 11 and 16 GHz lower bands, the spacing steps are larger and the correlation coefficients tend to decrease slower. The total distances of the measured array on Y axis for 11, 16, 28, and 38 GHz bands are about 22, 32, 33, and 45, respectively, when they are normalized to the corresponding wavelengths. Table VI shows the calculated correlation distances. 
4) Correlation Properties:
B. Massive MIMO Properties 1) Spherical Wavefront Property:
Under far field or plane wavefront assumption, the electromagnetic waves propagate parallel to each other, thus the arrival angles of MPCs will be the same for all antenna elements [42] . As the number of antennas increases to hundreds, the aperture of the antenna array becomes much larger. The Tx-Rx may be within the Rayleigh distance, and the far field or plane wavefront may be violated. Because the SAGE algorithm is based on plane wavefront assumption, it is impossible to process the large antenna array measurement data. To deal with the problem, the large array is divided into several sub-arrays. For each sub-array, the calculated Rayleigh distance is smaller than the Tx-Rx distance, and the SAGE algorithm is applied. A sliding window is used over the array on Y axis. As the subarray slides over the array on Y axis, the estimated channel parameters will variate gradually over the array. Fig. 8 shows the LOS path azimuth angle variations for the four bands over the array at the four Tx locations. Because Tx1 and Tx2 are at the left side of the room, as the window slides from left to right, the LOS azimuth angle shifts from −12 • to −22 • and from −10 • to −24 • , respectively. Tx3 is at the middle of the room, so the LOS azimuth angle shifts from 5°to −8 • . As Tx4 is at the right side of the room, the LOS azimuth angle shifts from 73°to 68°. Because the array size of 28 GHz and 38 GHz is smaller, the LOS azimuth angle shifts in a smaller range, but the angle shift rate are similar for different frequency bands. The rates of azimuth angle drift are about 23 • /m, 29 • /m, 27 • /m, and 10 • /m for the four Tx locations, respectively. These angle drifts can be verified by using simple triangular geometry relationships given the Tx and Rx settings. As the Tx-Rx distances are in the order of 3 m with the same antenna height differences for the four Tx locations, the LOS elevation angles at the four Tx locations show similar characteristics. Fig. 9 shows the LOS elevation angle shifts at Tx4. An angle drift of as large as 10°is observed. The stepwise change of the angle is due to the fact that the azimuth and elevation angle resolution of the SAGE algorithm is set as 1°. All the results indicate that the plane wavefront assumption is not valid and the spherical wavefront should be considered.
2) Cluster Birth-Death Property: Certain clusters are not observable over the whole array, and each antenna element on the large array has its own set of clusters. The clusters may appear and disappear over the array axis, which can be described by a Markov birth-death process [43] . Fig. 10 shows the measured PDP variations over the array for 16 GHz band at Tx1 location. The LOS path and strong reflected MPCs have delay drifts over the array, and some MPCs are not observable over the whole array. As a comparison, Fig. 11 shows the estimated PDP variations over the array for 16 GHz band at Tx1 location. Similar results are observed. Fig. 12 and Fig. 13 show the cluster birth-death property of the PAPs and PEPs over the array axis for 16 GHz band at Tx1 location, respectively. The LOS path and some first-order reflection MPCs can be seen over the array, while some MPCs are not observable at each antenna position. The results verify the cluster birth-death property for mmWave bands. As the measurement environment is kept quasi-static, the reason for cluster birth-death may be that as the antenna moves in a large area, the antenna cannot see all the objects in the environment. Thus, some small objects may be observed by the antenna at one position, while these objects may be out of the visible region of the antenna at another position. A more complex environment is more likely to observe the cluster birth-death property obviously.
3) Non-Stationarity Property: For massive MIMO systems, the wide sense stationary (WSS) assumption may be violated, and MPC parameters may vary over the large physical array. As an example, the variations of the LOS path received power over the array at Tx2 location is shown in Fig. 14 . The LOS path received power can vary several dB over the large array. The variations of temporal-spatial parameters can also be seen in Figs. 11-13 . Fig. 15 shows the DS, AAS, and EAS variations over the array at Tx3 location for the four bands, respectively. As shown in Fig. 15(a) , the DS can vary in the range of 3 ns over the array. Fig. 15(b) shows that the azimuth AS can vary 20°over the array. Fig. 15(c) shows that the elevation AS variations are in the range of about 5°over the array. All the results indicate that the mmWave massive MIMO channel shows the non-stationarity property over the array and should not be seen as a WSS channel.
C. Channel Capacity
Channel capacity is the tight upper bound on the rate at which information can be reliably transmitted over a communications channel. For a wideband frequency-selective channel, the channel capacity can be obtained from the measured channel frequency response by [40] (20) where ρ is the signal-to-noise ratio (SNR), H ( f k ) is the measured frequency response of the kth frequency point. For the measured channel, the channel frequency response contains the large scale path loss, the attenuation caused by cables and measurement system is calibrated out, so the SNR is calculated as
where P is the output power of VNA as shown in Table II , G t and G r are the gains of Tx and Rx antennas, N 0 is the thermal noise power density and assumed to be −174 dBm/Hz, B is the measured signal bandwidth, N F is the noise floor of the receiver and assumed to be 8 dB.
The real transmission data rate can be calculated as
where P L is the large scale path loss which can be obtained by averaging the channel frequency response. Due to the large bandwidth and multi-antennas, mmWave massive MIMO channel will achieve high channel capacity.
To have a fair comparison of the channel capacity of different bands, a 10×10 sub-array at the array center is used to calculate the channel capacity. The results are shown in Table VII . A channel capacity in the range of 15.5-24.1 bps/Hz is obtained. We can see that the channel capacity decreases as the frequency increases. For 11 GHz and 16 GHz bands, the largest channel capacity is obtained at Tx4 location. For 28 GHz and 38 GHz bands, the largest channel capacity is obtained at Tx2 location.
The transmission data rate for a single antenna at the array center is shown in Table VIII . To have a fair comparison, for the higher bands, 2 GHz bandwidth around the carrier frequency was used for the calculation. The transmission data rate ranges in 5.55-7.39 Gbps. As the frequency increases, the transmission data rate tends to decrease. 
D. Channel Modeling 1) PG Model:
In order to model the PDP, a PG based channel modeling approach [44] is used. This model was first proposed in [45] to predict the exponentially decaying PDP which exhibits a transition from specular components at small delays to diffuse components at large delays, especially for ultra wideband systems. A directed graph is defined as a pair of disjoint sets of vertices and edges. A propagation graph is a directed graph where vertices represent Txs, Rxs, and scatterers, and edges represent the propagation conditions between the vertices. The connectivity between vertices is described by a probability. The propagation conditions are described by a weighted adjacency matrix of the propagation graph. The generation of weighted adjacency matrix is the same as in [44] . Let us assume that the numbers of Txs, Rxs, and scatterers are N t , N r , and N s , respectively. The weighted adjacency matrix where 0 denotes the all-zero matrix, 
where I is the identity matrix. Given the frequency range and sampling points, the wideband CTF can be obtained. The CIR can then be obtained from it by the inverse Fourier transform. Unlike a uniform random generation of scatterers in the environment, the extracted delays and angles are used to generate deterministic scatterer positions in the indoor office. As an example, the PDP simulation result of 11 GHz channel at Tx1 is shown and compared with the measurement data in Fig. 16 . The simulation parameters are shown in Table IX . As can be seen, the measured and simulated PDPs match well, which verifies the modeling approach for indoor mmWave environments.
2) GBSM: The GBSM approach has widely been used for channel modeling [43] , [46] . In this paper, we extend the nonstationary wideband twin-cluster massive MIMO model [43] to mmWave bands. The where K r is the K-factor, h LOS qp is the amplitude of the LOS path, τ LOS is the delay of the LOS path, S is the number of clusters, M s is the number of rays within the sth cluster, h qp,s,m s is the amplitude of the m s th ray in the sth cluster, τ s is the delay of the sth cluster, and τ m s is the relative delay of the m s th ray in the sth cluster.
Multiple twin clusters are used to describe different taps of the channel. A twin-cluster is made of the first bounce cluster at the Tx side and the last bounce at the Rx side. The propagation environment between the two clusters are abstracted as a virtual link. The non-stationarity of the channel is modeled by a birth-death process. The number of clusters is assumed to obey a Poisson distribution. The power and delay of rays are generated in a similar way as in the WINNER II channel model. The azimuth and elevation angles are assumed to be Gaussian distributions. Distance vectors are calculated according to the geometry relationships.
To verify the measurement results, the correlation properties simulated by using the GBSM are compared with the measurement results of 11 and 38 GHz at Tx1, as shown in Fig. 17 . For each band, the measured and simulated correlation coefficients show a good agreement with each other.
V. CONCLUSIONS
In this paper, we have conducted massive MIMO channel measurements at 11, 16, 28, and 38 GHz frequency bands in an indoor office environment. The measurement data have been processed with the SAGE algorithm and important channel statistical properties like APDP, PAP, PEP, RMS DS, AAS, EAS, and their CDFs and correlation properties have been obtained and compared for the four bands. The new propagation characteristics caused by large antenna array have been validated for 10-40 GHz mmWave bands. Especially, the spherical wavefront property, cluster birth-death property, and the non-stationarity over the array have been verified by investigating the temporal-spatial MPC parameter variations over the array, including the PDP, PAP, and PEP. The variations of statistical properties such as DS, AAS, and EAS have also been characterized. The channel capacities of different bands have been obtained. The measurements have been validated by the PG model and GBSM. These mmWave massive MIMO channel measurements and analysis have indicated that massive MIMO propagation characteristics should be considered for mmWave channel modeling under large antenna array systems.
